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Phylogenetic and population genetic analyses reveal three
distinct lineages of the invasive brown root-rot pathogen,
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Abstract Phellinus noxius, the cause of brown root-rot
disease, is an invasive fungal pathogen that causes a
white rot among woody plants in Asia, Oceania, and
Africa. Because the origin and diversity of this pathogen
are unknown, it is difficult to predict its behavior and
invasive capacity, especially under future climate-
change scenarios. We characterized genetic relation-
ships and ecological differences among P. noxius line-
ages across eastern Asia and Oceania to better
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understand evolutionary responses of the pathogen to
environmental changes. Sequences of four loci (nuclear
large subunit, internal transcribed spacers, partial RNA
polymerase II, and partial translation elongation factor —
1 alpha) from 95 P. noxius isolates were used for genetic
analyses. Our analyses revealed three genetically dis-
tinct lineages of P. noxius: 1) eastern Asia (Japan, Tai-
wan, Hong Kong, and Malaysia); 2) western Oceania/
Japan/Taiwan (including Australia, Palau, Guam,
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Saipan, Yap, Pohnpei, and Kosrae) with some isolates
from Japan and Taiwan; and 3) a distinct group from
American Samoa. Population genetic analyses
highlighted admixture and migration among the three
lineages. Climate-based, species distribution models
were used to predict ecological patterns of P. noxius
for two genetic lineages: eastern Asia and western Oce-
ania/Japan/Taiwan. Contemporary bioclimatic models
depicted potential areas at high risk for P noxius inva-
sion, and predicted that suitable climate space (potential
distribution) is lineage specific. Trade of important eco-
nomic crops worldwide coupled with changing climates
could exacerbate the spread of P. noxius into new geo-
graphic areas with suitable habitats for brown root-rot
disease.

Keywords Genetic lineages - Invasive forest pathogen -
Species distribution model - Brown root rot disease -
White rot

Introduction

Threats by invasive fungal pathogens are increasing as
globalization and changing climates interact around the
globe (Fischer et al. 2012). Growing international com-
merce has significantly amplified threats from invasive
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pathogens (Leibhold et al. 2012). Warming global tem-
peratures, along with changes in moisture regimes and
seasonality, make it increasingly difficult to predict the
likelihood for introduced pathogens to become
established and result in disease emergence. Further,
established dispersal pathways may facilitate the move-
ment of invasive pathogens as environments become
more suitable for the invasive pathogens over time
(Chakroaborty 2013).

Understanding the biology of introduced pathogens
is vital to predict how they will behave/respond as an
invasive in naive environments. More specifically, un-
derstanding the genetic diversity, reproductive cycles,
and phenotypic variations that occur within populations
is critical for managing invasive species and helping
prevent introductions to new areas. Previous studies
have shown that invasiveness increases with increasing
genetic and phenotypic variation (e.g., Forsman 2014).
Commonly, genetic diversity is reduced in introduced
populations compared to their native populations, which
is known as the “founder effect” (Dean and Ballard
2004). Assessments of genetic diversity within intro-
duced populations can uncover the number of geno-
types, which can help identify invasion routes and im-
plement measures to limit the introduction of more
genotypes (Griinwald and Goss 2011). Multiple intro-
ductions can also enhance the invasiveness of a patho-
gen, because different genotypes may also differ pheno-
typically, in host preference, virulence, optimal temper-
ature for growth/reproduction, and other adaptive capac-
ities. Further, sexual reproduction among genotypes in
an introduced population can also increase genetic di-
versity, invasiveness, and adaptive capacity (Desperez-
Loustau et al. 2007). Similarly, diverse genotypes can
hybridize or form unique combinations, potentially giv-
ing rise to novel pathogens (Dlugosch and Parker 2008).
Two fungal species, Ophiostoma ulmi and O. novo-ulmi,
causal agents of Dutch elm disease, were both intro-
duced into the United States and Europe. Though close-
ly related, they differ in many phenotypic traits, includ-
ing temperature range for growth and aggressiveness to
American and European elms, Ulmus americana and
U. laevis, respectively. Apparently, interspecific hybrid-
ization, gene introgression, and sexual recombination
generated evolutionary changes and higher genotypic
diversity in O. novo-ulmi, which led to increased inva-
siveness (Brasier 2001).

Phellinus noxius (Corner) G. H. Cunningham is an
invasive, tree-root pathogen that is destructive, fast-
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growing, and affects a wide range of woody hosts in
pan-tropical areas, including Asia, Oceania, and Africa
(e.g., Ann etal. 2002; Brooks 2002a, b). The fungus was
first identified in Singapore in 1932 by Corner as Fomes
noxius (Corner 1932). It was reclassified in 1965 as
Phellinus noxius (Cunningham 1965). Although
P, noxius causes a disease known as brown root rot, it
is a white-rot fungus, able to degrade lignin, as well as
cellulose and hemicellulose. Its hosts include breadfruit
(Artocarpus altilis), Polynesian ironwood (Casuarina
equisetifolia), mango (Mangifera indica), cacao
(Theobroma cacao), coffee (Coffea spp.), and rubber
(Hevea brasiliensis), as well as diverse fruit, nut, orna-
mental, and other native/exotic trees, with little host
specificity (Farr and Rossman 2019). Symptoms of
P noxius infection can include reduced tree growth,
defoliation, and branch dieback. This fungus can also
survive as a saprophyte by colonizing the heartwood
and other organic matter; it also can survive for up to
10 years within woody debris in the soil (Chang 1996).
Brown root-rot disease can develop over several years,
or in some cases, it can cause tree mortality within a
year. In the 1980s, it was hypothesized that P. noxius
was introduced into Northern Mariana Islands in the
Pacific Ocean through infested wood or infected plants
that arrived at the airport (Hodges and Tenorio 1984);
however, genetic tools were unavailable at the time to
investigate this hypothesis. Recent studies have exam-
ined the population genetics of P. noxius in Japan and
Taiwan with microsatellites and genome-wide, single-
nucleotide polymorphisms (Akiba et al. 2015; Chung
et al. 2015; Chung et al. 2017). All of these studies
found high levels of genetic diversity within popula-
tions. In Taiwan, Chung et al. (2015) suggested that
the spread of P. noxius could occur either through my-
celial growth within the soil, resulting in slow, localized
spread of single genotypes, or through basidiospore
spread, which can establish multiple genotypes over
longer distances. In Japan, two distinct populations,
with little admixture, were observed on the Ryukyu
and Ogasawara Island chains. This suggested the possi-
ble invasion of a genetically distinct population to the
Ogasawara Islands, possibly introduced via basidio-
spores or mycelium in wood carried by a typhoon from
the Mariana Islands (Akiba et al. 2015). Further, the
population found on the island of Ryukyu was also
found in Taiwan (Chung et al. 2017). To understand
the invasiveness of P. noxius, previous research suggests
that it is important to identify its existing genetic

diversity and any associated phenotypic traits
(Bickford et al. 2007).

The global genetic diversity of P. noxius has yet to be
studied, therefore it remains if P noxius is a native or
introduced species in tropical and sub-troptical regions
where it is found. Furthermore, it is undetermined if
distinct populations or cryptic species exist in diverse
global regions. The focus of our study is to better
understand the evolutionary history, worldwide move-
ment, and potential ecological differences among genet-
ically distinct lineages of P. noxius from geographically
diverse sources. This research aims to further develop
management strategies by assessing genetic relation-
ships of P. noxius in eastern Asia and Oceania and
predicting areas at high risk for invasion by genetic
lineages of P. noxius.

Materials and methods
Isolates, PCR, and DNA sequencing

A total of 95 isolates was included in this study: Japan
(4), Taiwan (8), Hong Kong (8), Malaysia (14), Austra-
lia (18), and the Pacific Islands of Palau (4), Guam (12),
Saipan (4), Yap (4), Pohnpei (5), Kosrae (2), and Amer-
ican Samoa (12) (Suppl. Table 1; Fig. 1). Further, iso-
lates were collected from a wide diversity of tropical
host species (Suppl. Table 1). In preparation for DNA
extraction, cultures were grown on a 0.2-pum pore, nylon
filters (Millipore Corp., Billerica, MA, USA) overlaying
potato dextrose agar for 7 days in the dark at 25 °C.
Mycelia (ca. 100 mg) were scraped from the filter and
ground in extraction buffer using a FastPrep® FP120
cell disruptor (Qbiogene, Carlsbad, CA, USA) and ZR
Fungal/Bacterial DNA MiniPreps (Zymo Research Cor-
poration, Irvine, CA, USA). Extractions were performed
following manufacturer’s protocols with minor modifi-
cations. DNA quantity and quality were estimated using
a NanoDrop™ 2000 (Thermo Fisher Scientific, Wil-
mington, DE, USA).

For each isolate, sequencing was performed on four
loci [28S (nuclear large subunit; LSU) region of rDNA,
internal transcribed spacers 1 and 2 with 5.8S regions of
rDNA (ITS); partial translation elongation factor — 1
alpha (tef1); and partial RNA polymerase II, second
largest subunit (rpb2)], which was similar to previous
work by Brazee and Lindner (2013) on the Phellinus s.1.
complex in North America. Primer sets for
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Fig. 1 GPS locations of Phellinus noxius isolates collected in
eastern Asia, western Oceania, and American Samoa. Yellow
and green circles indicate where isolates of P noxius were

amplification included 1) LROR (Rehner and Samuels
1994) and LRS5 (Vilgalys and Hester 1990) for LSU
domains one to three; 2) ITS1 and ITS4 (White et al.
1990) for the ITS; 3) 983F and 2218R for the tefl
(Rehner and Buckley 2005); and 4) bRPB2-6F and
bRPB2-7.1R (Matheny 2005) for the rbp2. Amplifica-
tion reaction mixtures (total 25 pl) contained 20-40 ng
of template DNA, 2.5 ul 10x Standard 7aq Reaction
Buffer (New England BioLabs Inc., USA), 0.5 ul 10-
mM dNTPs (Roche Applied Science, USA), 1 ul each
of 10-uM primer and 1.25 U Tag DNA Polymerase
(New England BioLabs Inc.). Amplifications were per-
formed using the following PCR conditions: 94 °C for
1 min, 35 cycles at 95 °C for 30 s, 55-58 °C (depending
on primers: 58 °C for LSU, 58 °C for ITS, 55 °C for zef1,
and 55 °C for rpb2) for 30 s, and 72 °C for 45 s, and
finally 72 °C for 10 min. All PCR reactions were con-
ducted using an MJ PTC-200 thermocycler (Bio-Rad
Laboratories, Waltham, MA, USA). PCR products were
electrophoresed in 1.5% agarose gels with 0.5X TBE
buffer and stained with GelRed® (Biotium, Fremont,
CA, USA) and bands were visualized using UV light.
PCR products were treated with ExoSAP-IT® PCR
Product Cleanup (Affymetrix, Santa Clara, CA, USA)
following manufactures instructions. Sequencing was

@ Springer

collected for this study. Numbers in parenthesis indicate the num-
ber of isolates from each region

performed with the Big Dye Sequencing Kit v. 3.1 on
an ABI 3130xl capillary sequencer (Applied
Biosystems, Foster City, CA, USA) at Eurofins MWG
Operon USA (Louisville, KY, USA).

Phylogenetic and parsimony network analyses

Sequences were visualized with Geneious v. 9 (Kearse
et al. 2012) and aligned with MUSCLE (Edgar 2004).
Genotype sequences were phased into haplotypes for
each locus in DnaSP v.5 (Rozas et al. 2003). Alignment
files are housed in TreeBase under accession # 23998.
Phased data, of the combined dataset and for each locus,
were used to estimate the number of unique haplotypes,
segregating sites, pairwise nucleotide diversity (),
Watterson’s theta, Tajima’s D (Tajima 1989) test for
neutrality and putative minimum number of recombina-
tion events. These analyses were performed for the three
identified lineages 1) eastern Asia (Japan, Taiwan, Hong
Kong, and Malaysia), 2) western Oceania (Australia,
Palau, Guam, Saipan, Yap, Pohnpei, and Kosrae with
selected genotypes from Japan and Taiwan, but exclud-
ing American Samoa; hereafter referred to as “western
Oceania/Japan/Taiwan”), and 3) American Samoa.
These lineages were estimated using the phylogeny of
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tefl locus. Haplotype networks were constructed for the
ITS and rpb2 using statistical parsimony implemented
in TCS v1.21 using a 92% similarity cutoff (Clement
et al. 2000). A network was not completed for the fef!
locus because the genetic distance among all sequences
was greater than the minimum 90% as implemented in
TCS.

Phylogenies for the LSU, ITS, and fef7 were inferred
for collapsed haplotypes with Bayesian inference and
likelihood methods using BEAST (Drummond et al.
2012) and PhyML (Guindon et al. 2010), respectively.
DT-ModSel (Minin et al. 2003) was used to estimate the
best-fit, nucleotide-substitution models for each dataset.
Bayesian inference was performed with parameter set-
tings suggested by the best-fit, nucleotide-substitution
models. Data sets were run for 50 million generations
with sampling every 5000 generations. Analyses were
performed three times. Log files and ESS values were
evaluated in TRACER version 1.5 (Heled and Drum-
mond 2010), and consensus trees were calculated using
TreeAnnotator v1.7.2 with a burn-in of 5000 trees.
FigTree v1.3.1 (Rambaut 2009) was used to visualize
the consensus tree node ages, branch lengths and poste-
rior probabilities.

Genetic distance and differentiation

Genetic distances among each of the geographic
origins (e.g., country, region, or island) were estimat-
ed using DnaSP (Rozas et al. 2003) using the
concatenated dataset. Two measures of genetic dif-
ferentiation, Fgr and Kgr* (Hudson et al. 1992a;
Hudson et al. 1992b) were used to determine if
populations were structured by geographic origin
(Japan, Taiwan, Malaysia, Hong Kong, Australia,
Palau, Guam, Saipan, Yap, Pohnpei, and American
Samoa), with the exception of Kosrae for which the
sample size was insufficient for analyses. Fsp, as
presented in Hudson et al. (1992b), is an estimate
of the average divergence between pairs of se-
quences within subpopulations and average diver-
gence between pairs of sequences randomly drawn
from the whole population. Kgr* is estimated by
determining the proportion of genetic diversity with-
in populations compared to the diversity in the total
population (Hudson et al. 1992a). Significance for
Kgt* was estimated by 1000 permutations of the data
as implemented in DnaSP v5.

Bioclimatic modeling

Climate-based, species-distribution models using
MaxEnt v3.3.3 K (Maximum Entropy Species Distribu-
tion Modeling) were created for three data sets. These
consisted of a model using 179 locations of DNA-
sequence confirmed occurrence records that were asso-
ciated with a precise GPS location (Suppl. Table 2) and
two reduced sets based on eastern Asia (Fig. 6¢, N = 26)
and western Oceania/Japan/Taiwan (Fig. 6d, N = 44)
genetic groups. The American Samoa population was
not included in the reduced set analyses because of
limited geographic diversity among occurrence points.
MaxEnt was used because of its ability to produce
statistically sound models with presence-only data and
relatively limited occurrence data (Elith et al. 2006,
2011). The models used 19 bioclimatic variables (e.g.,
annual mean temperature, maximum temperature of
warmest month, annual precipitation, precipitation of
wettest month, precipitation of coldest quarter, etc.) in
a set of high-resolution (30 arc sec, ca. 1-km?) interpo-
lation grids based on contemporary climate from 1979
to 2013 [CHELSA data (climatologies at high resolution
for the earth’s land surface areas data), http://chelsa-
climate.org, Karger et al. 2017]. MaxEnt settings
included random subsample sets (25%) to generate
statistical results among 15 replicate runs. Quantum
GIS (QGIS; http://www.qgis.org/en/site/) was used to
create the final outputs using MaxEnt’s cumulative
output. Each cumulative value is the sum of
probabilities of cells less than or equal to the cell grid,
times 100. MaxEnt’s cumulative output was chosen for
easier conceptualization compared to MaxEnt’s logistic
(an index of probability from O to 1) or raw exponential
output.

Results
Phylogenetic lineages

The LSU and ITS Bayesian phylogenies highlighted a
general grouping of P. noxius sequences, while showing
that the genus Phellinus is polyphyletic (Figs. 2 and 3).
With LSU, isolates collected in this study grouped within
a well-supported clade with P noxius s.1. LCO66633,
which was distinct from a well-supported clade contain-
ing Pyrrhoderma noxium sequences (Fig. 2). However,
with ITS, the 66 haplotypes collected in this study formed

@ Springer
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Fig. 2 The nuclear large subunit (LSU) Bayesian phylogeny of
Phellinus and other genera in Phellinus sensu lato. Armillaria
gallica was chosen as an outgroup. Green text indicates Phellinus
species, whereas bolded black text indicates Pyrrhoderma noxium.

a polytomy with some sequences attributed to P. noxium
with clear separation from other Phellinus spp., including
a distinct clade comprising other P noxium sequences
(Fig. 3). The tef1 locus produced the highest phylogenetic
signal of the four loci (Fig. 4). The Bayesian tef! phy-
logeny showed three distinct clades of P. noxius that
primarily separated sequences associated with general
geographic regions. All sequenced isolates from Hong
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Haplotypes of P. noxius were used, and the number of isolates
represented by each haplotype are placed next to the haplotype
number. Numbers above each node indicate support (posterior
probability/bootstrap)

Kong and Malaysia grouped with high posterior proba-
bility support (PP =1.00) into an eastern Asia clade,
which also contained some isolates from Japan and Tai-
wan. The American Samoa clade, which included all 12
isolates from American Samoa, formed a separate clade
with PP and bootstrap (BS) support of 1.00 and 62,
respectively. This clade was more closely related to iso-
lates from Australia, Palau, Guam, Saipan, Yap, Pohnpei,
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Fig. 3 The internal transcribed spacers 1 and 2 with 5.8S regions
of IDNA (ITS) Bayesian phylogeny of Phellinus, and other genera
in Phellinus sensu lato, with Cylindrosporus flavidus serving as
the outgroup. Green text indicates Phellinus species, and se-
quences from other genera (Fuscoporia, Fomes, Phellinopsis,
Inocutis, and Sanghuangporus) were included for comparative

and Kosrae that grouped in a third distinct lineage.
This western Oceania/Japan/Taiwan clade also
contained some isolates from Japan and Taiwan,
but no isolates from American Samoa. Isolates

0.3

purposes. Bolded black text indicates Pyrrhoderma noxium and
Phellinus noxius. Haplotypes of P. noxius were used, and the
number of isolates represented by each haplotype are placed next
to the haplotype number. Numbers above each node indicate
support (posterior probability/bootstrap)

from Australia, along with some isolates from
Palau, Yap, and Pohnpei, formed a distinct mono-
phyletic subclade (PP=1.00; BS=60) within in
the western Oceania/Japan/Taiwan clade.
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Fig. 4 Bayesian inferred phylogeny for isolates of Phellinus
noxius for partial translation elongation factor — 1 alpha (zef]).
Phylogeny was rooted from Phlebiopsis gigantea and
Formitoporia mediterranea. Numbers indicated node support

Haplotype networks

Parsimony haplotype networks of ITS and rpbh2 se-
quences from P. noxius also highlighted the existence
of these two major phylogenetic groups (Fig. Sa, b).
However, signals of admixture or migration were
observed where isolates from the eastern Asia and
western Oceania/Japan/Taiwan regions share haplo-
types. At the rpb2, however, isolates from American
Samoa formed a distinct group, but at the ITS, one
American Samoa haplotype was shared with two
isolates from Australia, and two haplotypes from
Kosrae clustered with American Samoa isolates.
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(posterior probability/bootstrap). Bars highlight distinct clades:
Black - Eastern Asia, White — western Oceania/Japan/Taiwan,
Grey — American Samoa. The vertical oval depicts isolates from
Japan and Taiwan that grouped with the western Oceania clade

Genetic diversity, neutrality, and recombination

A total of 3441 nucleotides were sequenced (LSU,
879 bp; ITS, 621 bp; tefl, 1081 bp; and rpb2, 860 bp)

Fig. 5 Haplotype networks of Phellinus noxius constructed for P>
internal transcribed spacers 1 and 2 with 5.8S regions of tDNA
(ITS) (a) and partial RNA polymerase II, second largest subunit
(rpb2) (b). Haplotypes are represented as circles proportional in
size to the number of isolates in each haplotype. Inferred interme-
diate haplotypes are represented by a small, solid dot on the
network. The number of isolates in each haplotype are proportion-
ally represented in pie charts. Segments connecting the circles
indicate the number of mutations separating the haplotypes.



Eur J Plant Pathol (2020) 156:751-766 759

b. rob2

Country
O Hong Kong O Australia @ Pohnpei @American Samoa
© Japan OGuam @ Saipan
@ Malaysia @ Kosrae O Yap
@ Taiwan OPalau

@ Springer



760

Eur J Plant Pathol (2020) 156:751-766

Table 1 Total number of sites, haplotypes, sequence diversity, segregating sites, and nucleotide diversity for each locus

Locus (bp) # phased isolates’ H°  Seg.sites® Hd® ThetaW® 7 f Tajima’s D2 Min Recom”
LSU (879)
Total 190 21 10 0.842  0.0020 0.003  0.4311 2
Eastern Asia 60 12 0.845  0.0017 0.002  0.8609 3
Western Oceania/Japan/Taiwan 106 12 0.685 0.0012 0.001 —-0.4701 1
American Samoa 24 5 0.623  0.0012 0.001  —0.3482 0
ITS (621)
Total 176 66 36 0.929 0.011 0.010 —0.483 10
Eastern Asia 52 24 23 0.966  0.008 0.007 -0416 4
Western Oceania/Japan/Taiwan 100 33 27 0.814  0.009 0.008 —0.810 6
American Samoa 24 14 15 0.928  0.007 0.008 —0.836 5
tefl (1081)
Total 190 68 87 0926 0.014 0.008 -1.372 9
Eastern Asia 60 39 59 0981 0.011 0.007 -1.372 6
Western Oceania/Japan/Taiwan 106 23 29 0.782  0.005 0.002 —1.849* 1
American Samoa 24 7 6 0.699  0.001 0.001  —1.301 0

rpb2 (860)

Total 190 100 99 0.983  0.020 0.014 -1.047 15
Eastern Asia 60 28 55 0912 0.014 0.011 —0.691 9
Western Oceania/Japan/Taiwan 106 63 60 0.980 0.013 0.011 -0.721 13

American Samoa 24 11 13 0.895  0.004 0.005 —-1.202 2
LSU +ITS + tef1 + rpb2 (3441)

Total 190 154 196 0.997 0.012 0.008 n/a 28
Eastern Asia 60 47 121 0.989  0.009 0.007 n/a 20
Western Oceania/Japan/Taiwan 106 87 96 0.994  0.007 0.004 n/a 17
American Samoa 24 22 38 0.993  0.003 0.003 n/a 10

* All Phellinus noxius isolates were phased in to putative haploid genotypes in DnaSP (Rozas et al. 2003)

> Number of unique haplotypes out of total number of haploid genotypes in each population

“Number of segregating sites calculated in DnaSP
4 Haplotype diversity calculated in DnaSP
¢ Watterson’s theta calculated in DnaSP

"Nucleotide diversity calculated in DnaSP

€ Tajima’s D calculated in DnaSP. Values that significantly differ from neutrality (P <0.05) based on 1000 permutations are indicated by an *

" Minimum number of recombination events calculated in DnaSP

with a total of 196 (5.7%) segregating sites among the
multilocus dataset (Table 1). The most diverse locus was
rpb2 with a haplotype diversity (Hd) = 0.983, nucleotide
diversity (71) = 0.014, and Watterson’s theta (Wg) = 0.020,
compared to the other loci; LSU (Hd =0.842; t=0.003;
We =0.0020), ITS (Hd=0.929; t=0.010; Wg=0.011),
and tefl (Hd=0.926; t=0.008; Wg=0.014) (Table 1).
Evidence of neutrality was apparent as Tajima’s D was
non-significant for all loci (Table 1), which suggests that
selection was not acting generally on these loci. Putative
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recombination events were evident within all loci
(LSU, ITS, tefl, and rpb2) and the concatenated
dataset across the entire isolate population and with-
in separate lineages. For the LSU and tef7 loci, no
recombination was observed for the American Sa-
moa lineage, though recombination was observed at
the ITS and rpb2 with MinRecom =5 and 2, respec-
tively. Putative recombination events within the
western Oceania/Japan/Taiwan lineage ranged from
one recombination event for tef/ and LSU to 13
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Table 2 Pairwise Fst values for the MLST dataset for Phellinus noxius isolates grouped by region/area of origin

Japan Taiwan Hong Kong Malaysia Australia Palau

Guam  Saipan Yap Pohnpei American Samoa

Japan -

Taiwan 0.143* —

Hong Kong 0.458*% 0.426*% —

Malaysia 0.452*% 0.452* 0.033* -

Australia 0.219* 0.301* 0.658* 0.669*%  —
Palau 0.234* 0.183* 0.609* 0.628*  (0.243*
Guam 0.202* 0.290* 0.677* 0.687*  0.324*
Saipan 0.216% 0.297* 0.426%* 0.674*  0.364*
Yap 0.279* 0.363* 0.721* 0.732*  0.183*
Pohnpei 0.154* 0.182* 0.682* 0.695*  0.139*
American Samoa 0.467* 0.483* 0.702* 0.708*  0.613*

0.214* —

0.294* 0.016™ —

0.292* 0.459* 0.508* —

0.216% 0.256% 0.324* 0.212% —

0.598* 0.726* 0.736*% 0.766* 0.699*% —

FST was not included for the Kosrae population because small sample size

*Using Kgt to determine significant differentiation, all but one of the comparisons were significant (P < .001) indicating significant genetic

differentiation

" When comparing Saipan and Guam no significant genetic differentiation was observed (Ksr* = 0.0046; P=0.271)

events for rpb2. In contrast, putative recombination
events ranged from 9 within the 7ph2 to 3 at the LSU
for the eastern Asia lineage (Table 1).

Though fewer isolates were contained within the east-
ern Asia lineage, it was the most diverged dataset at the zef!
locus where 71=0.007 compared to 0.002 and 0.001 for
the western Oceania/Japan/Taiwan and American Samoa
lineages, respectively. At the rpb2 locus, genetic diversity
was similar between the eastern Asia and western Oceania/
Japan/Taiwan lineages with 7t=0.011 for both popula-
tions. Atthe LSU, tef1, and rpb2 loci, the American Samoa
lineage was the least diverse with 7t ranging from
0.001 at LSU to 0.005 at rpb2. Interestingly, at the
ITS locus, similar amounts of diversity were found
across all three populations with 7t ranging from
0.007 to 0.008.

Using the multi-locus nucleotide dataset, genetic dif-
ferentiation among all geographic populations was esti-
mated using pairwise comparisons of Fgp and Kgr*
(Table 2). Highest genetic differentiation was observed
between the Malaysia population and populations from
Australia, Palau, Guam, Saipan, Yap, Pohnpei, and
American Samoa with Fgt values of 0.669, 0.628,
0.687, 0.674, 0.732, 0.695, and 0.708, respectively
(Table 2). High values of genetic differentiation were
also observed between the American Samoa population
and populations from Hong Kong, Malaysia, Guam,
Saipan, Yap, and Pohnpei with Fgr values ranging from
0.702, 0.708, 0.726, 0.736, 0.766, and 0.699,

respectively. Genetic differentiation was smallest when
comparing Hong Kong and Malaysia populations
(Fst=0.033), and Guam and Saipan populations (Fgr =
0.016).

Highly significant genetic differentiation was de-
tected when comparing all populations with a
Kg1*=0.252 (P<0.001). Of the pairwise compari-
sons, all but one was significant, indicating genetic
differentiation across geographic populations. When
comparing Saipan and Guam, however, no signifi-
cant differentiation (Fg1=0.016) was observed with
Ks1*=0.0046 (P=0.271).

Bioclimatic modeling

Bioclimatic modeling analysis results for the all-
locations model include an average AUC [Area Under
the Receiver Operating Characteristics (ROC)] of 0.993
with a standard deviation of 0.001 over the 15 replicate
runs (Fig. 6a, b). An AUC of 1 represents a model that
perfectly fits all of the testing data while any value over
0.9 is considered to have ‘excellent’ performance (Araujo
etal. 2005). Variables with the highest contribution to this
model were Precipitation of Warmest Quarter (32.2%),
Temperature Annual Range (13.6%), Precipitation Driest
Month (13.1%), and Mean Diurnal Range (12.9%). A
jackknife test of variable importance revealed that Mean
Diurnal Range was the variable that provided the most
useful information, independently (highest training gain),
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Maxent Value

Fig. 6 Maxent bioclimatic predictions of potential distribution
(suitable climate space) for Phellinus noxius (6a, global and 6b,
regional) based on all DNA confirmed records of occurrence; and
regional models: 6¢ = Eastern Asia (Group 1), and 6d = western

while Precipitation of Warmest Quarter provided the most
useful information that was not represented in other vari-
ables (i.e., caused the largest decreases in gain when
omitted). The Eastern Asia (Group 1) model had an
AUC of 0.998 with a standard deviation of 0.002 (Fig.
6¢). The variables with the highest contributions were
Precipitation Warmest Quarter (25.5%), Mean Diurnal
Range (24.2%), Mean Temperature Warmest Quarter
(12.4%), and Precipitation Wettest Quarter (10.7%). The
jackknife test revealed Precipitation Warmest Quarter had
the highest training gain and also the largest decreases in
gain when omitted. Lastly, the western Oceania/Japan/
Taiwan (Group 2) model had an AUC of 0.997 with a
standard deviation of 0.001 (Fig. 6d). The variables with
the highest contributions were Precipitation Warmest
Quarter (35.6%), Mean Diurnal Range (23.4%), and Tem-
perature Seasonality (14.3%). For the jackknife test, Pre-
cipitation Warmest Quarter had the highest training gain
and Mean Temperature Warmest Quarter had the largest
decreases in gain when omitted.
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Oceania/Japan/Taiwan (Group 2). Color shades ranging from
green to red represent increasing Maxent values (probability) of
suitable climate space (climate niches) for P. noxius

Discussion

The multilocus population genetic data provide evidence
for at least three genetically distinct lineages of P. noxius
from eastern Asia (Japan, Taiwan, Hong Kong, and
Malaysia), western Oceania (Australia, Palau, Guam,
Saipan, Yap, Pohnpei, and Kosrae)/Japan/Taiwan, and
American Samoa. Our data further suggest that admix-
ture or migration of genotypes between the eastern Asia
and Pacific island populations has likely occurred, agree-
ing with previously published reports on P. noxius pop-
ulations in Japan and Taiwan (Akiba et al. 2015; Chung
et al. 2015). Further, the isolates from American Samoa
are genetically distinct from other previously studied
geographic populations. At the fef] locus, the American
Samoa population appears more closely related to the
western Oceania/Japan/Taiwan lineage.

Our phylogenetic results from the LSU and ITS
regions highlight the polyphyletic evolutionary history
of Phellinus spp. and suggest that P. noxius is
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phylogenetically distinct from other species within the
Phellinus, which concurs with the results of Zhou et al.
(2018). Several studies have examined the phylogeny of
Phellinus and the closely related genera Fomitiporella,
Fomitiporia, Fuscoporia, Hymenochaete, Inonotus,
Onnia, and Porodaedalea using the LSU, ITS, and/or
protein-coding regions (Wagner and Fischer 2002;
Jeong et al. 2005; Brazee and Lindner 2013; Brazee
2015; Cloete et al. 2016; De Campos-Santana et al.
2016). According to these previous studies, most spe-
cies within Phellinus are monophyletic; however, mo-
lecular analyses highlight that reclassification of some
taxa at the genus level may be warranted because his-
torical species delineations relied on convergent mor-
phological and/or physiological characters. Using a
combined data set of the ITS and mitochondrial small
subunit, Jeong et al. (2005) found 13 lineages/species
within Phellinus, Hymenochete, and Onnia, suggesting
that definitions of fungal species within the
Hymenochaetales have yet to be resolved. Results from
both phylogenetic analyses of LSU and ITS regions
suggest that more taxonomic work is needed to verify
whether P. noxius is a synonym for Pyrrhoderma
noxium, as suggested by Zhou et al. (2018). Our data
suggest that P. noxius is distinct from Pyrroderma
noxium, but focused studies are needed to determine if
P. noxius isolates from this study belong to the genus
Pyrroderma. The limited DNA sequence data suggest
that the P. noxius isolates from our study may represent
one or more cryptic species, such as was found within
Coniferiporia sulphurascens (Leal et al. 2019). Com-
parative genomic studies among P. noxius and closely
related taxa within the Hymenochaetales were conduct-
ed (Chung et al. 2017); however, additional genomic
sequencing of more isolates and species will better
inform the correct taxonomy and placement of
P noxius isolates among other closely related species.
Our data suggest that considerable genetic variation
exists among and within the identified P. noxius
lineages. These results concur with Chung et al. (2017)
who found high rates of genetic variation using whole-
genome sequencing of isolates predominately from Ja-
pan and Taiwan. In our study, high nucleotide diversity
was identified for two populations of P. noxius (Eastern
Asia and Western Oceania/Japan/Taiwan). These rates
were comparable to diversity rates observed for other
fungal species, including Crypfococcus neoformans
(Leftler et al. 2012) and Porodaedalea spp. found across
northern North America (Brazee and Lindner 2013).

Porodaedalea spp., phylogenetically related to
P noxius, had rates of nucleotide diversity that ranged
from 0.002 at the LSU to 0.008 at the tef1, which were
similar to rates observed for P. noxius at the same loci
(0.003 and 0.008, respectively) (Brazee and Lindner
2013).

The varied genetic diversity among our populations,
e.g., Eastern Asia and Western Oceania/Japan/Taiwan
vs. American Samoa, is perhaps attributable to 1) a
recent introduction into American Samoa with an asso-
ciated genetic bottleneck; and/or 2) movement of hy-
bridization between the Eastern Asia and Western Oce-
ania/Japan/Taiwan populations. Our data show that iso-
lates from Malaysia and Hong Kong were genetically
distinct from isolates from the Pacific Islands and Aus-
tralia. However, isolates from Japan and Taiwan were
more similar, indicating possible genetic admixture of
the two populations on Japan and Taiwan, but not in
Malaysia nor Hong Kong. An earlier microsatellite
study showed that the Ryukyu Islands and Ogasawara
Islands in Japan (Akiba et al. 2015) each contained
distinct populations of P. noxius with little evidence of
gene flow between the two populations. It was further
hypothesized that P. noxius on the Ogasawara Islands
could have been introduced from Pacific Islands located
to the East.

Results show that suitable climate spaces for com-
bined genetic groups include areas in the southeastern
United States (Florida), eastern Mexico, eastern Central
America, northwestern and central eastern South Amer-
ica (e.g., Colombia, Ecuador, Peru, and Brazil), parts of
Africa and Madagascar, eastern Asia, eastern Australia,
and many of the Pacific Islands (Fig.6) . Though not
analyzed for the American Samoa population alone
because of the limited geographic distribution of occur-
rence points, suitable climate space is different for the
eastern Asia and western Oceania/Japan/Taiwan line-
ages. For example, the eastern Asia lineage may pose
a threat to northern Australia and many of the Pacific
Islands, whereas the western Oceania/Japan/Taiwan lin-
eage appears more suited for the climate space in eastern
Australia, some of Pacific Islands, and areas of eastern
Asia. However, our climate space models are based on
currently available locations and climate variables. In-
creased sampling and changes in climate would likely
affect projections of suitable climate space for the
P. noxius populations.

A noteworthy result from this research is that Florida
and the Hawaiian Islands are predicted to have a suitable
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climate for P. noxius, though the pathogen has not been
reported in either region (Fig. 6). The host range for
P. noxius is very broad, with over 200 host species
including fruit/nut crops, forest trees, and woody orna-
mental plants (Farr and Rossman 2019). Thus, P. noxius
should be currently considered as an invasive threat to
areas of North America and/or Hawaii. If changes in
climate produce new geographic areas suitable for the
pathogen in North America or other global regions,
many woody species could be at risk.

Continued studies of the genetic diversity, population
structure, evolution, reproductive system, and epidemi-
ology of P. noxius are essential to understand the dis-
persal pathways for this destructive, invasive pathogen.
Further surveys and collections in tropical areas
including Vanuatu, Hainan China, New Caledonia, Fiji,
French Polynesia, and Africa are needed to understand
the full extent of this pathogen’s invasiveness. Develop-
ing molecular tools to identify each distinct lineage
described herein will help to determine the geographic
distribution and host range of each lineage. Continued
research of P. noxius populations will inform manage-
ment strategies by better characterizing host range, suit-
able climate space, and potential/existing hybridization
among P. noxius populations, which will contribute to
improved predictions of geographic regions that are at
risk of invasion. Further analyses are recommended to
assess regional population structure, gene flow among
populations, diversity in recently observed populations,
and potential suitable climate space for specific geno-
types. Understanding long-distance dispersal mecha-
nisms of the pathogen will help determine potential
pathways of spread, so that measures can be implement-
ed to limit invasive movement of P. noxius.
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